Both theoretical and experimental research has indicated that the synaptic strength between neurons in a network needs to be properly fine-tuned and controlled by homeostatic mechanisms to ensure proper network function. One such mechanism that has been extensively characterized is synaptic homeostatic plasticity or global synaptic scaling. This mechanism refers to the bidirectional ability of all synapses impinging on a neuron to actively compensate for changes in the neuron's overall excitability. Here, using a combination of electrophysiological, two-photon glutamate uncaging and imaging methods, we show that mature individual synapses, independent of neighboring synapses, have the ability to autonomously sense their level of activity and actively compensate for it in a homeostatic-like fashion. This synapse-specific homeostatic plasticity, similar to global synaptic plasticity, requires the immediate early gene Arc. Together, our results document an extra level of regulation of synaptic function that bears important computational consequences on information storage in the brain.
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AMPA receptors | GluA2-lacking receptors | spines I t is widely believed that information storage can occur in the brain through stable and persistent modification of synaptic strength by Hebbian phenomena such as long-term potentiation (LTP) and long-term depression (LTD). However, implementation of these mechanisms in simple network models generally leads to problems in network stability (1, 2) . The discovery of global homeostatic synaptic scaling has been received with great interest in part because it provides a computationally plausible means to address this stability issue (2) . In response to prolonged activity blockade neurons can restore their excitability level by increasing the strength of all their synapses, whereas in response to prolonged enhancement of synaptic activity, neurons adapt by reducing synaptic strength. At least in part, these homeostatic adjustments are carried out by changes in synaptic AMPA receptor function and number (2) (3) (4) (5) .
One key conceptual point of global homeostatic synaptic scaling is that all synapses of a neuron are believed to scale up or down by a common, unique factor (2, 5, 6) . However, such uniformity of changes in synaptic strength across all synapses of a neuron during synaptic scaling has not been universally observed (7) (8) (9) and intriguing input-specific features have been reported to occur during global synaptic scaling (10) . It thus seems that, at least in certain conditions, some cellular mechanisms are able to provide local control of synaptic strength to locally sculpt broader synaptic changes occurring during global homeostatic synaptic scaling.
If it is well established that neuronal firing per se is a biological variable that is regulated by homeostatic mechanisms, it is much less clear whether the strength of single synapses is also controlled by analogous homeostatic pressures. In other words, can individual synapses, like neurons, autonomously sense and integrate their level of activity over time and adapt to it in a homeostatic-like fashion? A straightforward way to test this general idea is to inhibit for a prolonged period a very small number of synapses onto a neuron (such that the overall excitability-and firing rate-of the neuron remains unchanged) and monitor the synaptic strength of these particular synapses. A number of previous studies have directly or indirectly addressed this question, although conflicting findings are reported. Indeed, increased, decreased, or no changes in postsynaptic accumulation of AMPA receptors (AMPARs) have been reported using a variety of related strategies (11) (12) (13) (14) (15) .
Here, we sought to revisit this fundamental question by using a functional strategy using electrophysiological recordings and two-photon uncaging of 4-methoxy-7-nitroindolinyl-caged-Lglutamate (MNI-Glu) to monitor the strength of individual, visually identified, synapses that have been "silenced" for a prolonged period in mature neuronal cultures. In combination with immunocytochemical detection of surface GluA1 expression, we show that prolonged reduction of glutamate release onto visually indentified synapses leads to synapse-specific up-regulation of AMPAR function. Moreover, we show that this is mediated, at least in part, by insertion of GluA2-lacking AMPARs and requires the immediate early gene Arc/Arg3.1. These results identify a homeostatic mechanism that shows input specificity and that likely acts in parallel with global homeostatic synaptic plasticity to sculpt synaptic strength and information storage in the brain.
Results
To investigate whether individual synapses autonomously undergo homeostasic-like regulation, we sought to (i) reduce the firing activity of a very small number of pyramidal neurons in an active, mature network of cultured cortical neurons by overexpressing an inwardly rectifying potassium channel (Kir2.1), (ii) label their presynaptic terminals for visualization by cotransfecting Synapsin-YFP (Syn-YFP; along with Kir2.1), and (iii) determine postsynaptic AMPAR function/number by two-photon (2P) uncaging of MNI-glutamate onto visually identified spines innervated by the transfected neurons or by immunocytochemical detection of surface AMPARs. Consistent with previous studies (12, 16) , Kir2.1/Syn-YFP overexpression induced an ∼10-mV hyperpolatization shift, determined by whole-cell recordings in current clamp mode with a potassium-based solution from control pyramidal neurons and neighboring cells overexpressing Kir2.1 ( Fig. 1 A and B) . Control pyramidal neurons exhibited variable rates of firing and firing activity was greatly suppressed in cells overexpressing Kir2.1 (Fig. 1C) . In most cases, Kir2.1 cells were not completely silenced, firing occasional action potentials. Transfected neurons appeared otherwise morphologically healthy and were able to fire action potentials in response to direct current injection (Fig.  1C, Inset) . The effects of overexpression of Kir2.1 on membrane potential and firing rates described here are quantitatively similar to those previously reported in the literature (12, 16) .
The concentration of potassium (K + ) ions in culture media is significantly higher than that in our solution used for electrophysiological recordings (Materials and Methods; the ratio of divalent cations is roughly similar). To obtain a more faithful estimate of the firing rates and patterns of network activity in control and Kir2.1-overexpressing cells in our culture conditions, we carried out recordings using less invasive loose patch recordings and raised extracellular K + from 2.5 to 5 mM. As expected, we found that increasing extracellular K + significantly enhanced the firing rates of neurons but, interestingly, the firing was predominantly of a bursting mode ( Fig.1 D and E) . Dual paired recordings from control and Kir2.1 overexpressing cells showed that these neurons fired in very close synchrony although the number of spikes per burst was significantly lower in Kir2.1 neurons ( Fig.1 E and F) . Together, these results indicate that overexpression of Kir2.1 effectively reduced, but did not abolish, the firing activity of a small number of neurons embedded in an otherwise active neuronal network. neurons were identified by direct visualization of Syn-YFP. The synaptic terminals originating from transfected neurons were visualized as small discrete puncta, oftentimes forming clear en passant axonal boutons, extending sometimes several hundreds of micrometers away from the transfected parent pyramidal neuron ( Fig. 2A, Lower) . Whole-cell recordings from an untransfected pyramidal neuron located in a region innervated by the Syn-YFP/ Kir2.1 transfected cell were then obtained and the cell was filled with Alexa 594 for visualization. In some cases, clear and unambiguous apposition of Syn-YFP puncta with a spine from the recorded neuron was identified and uncaging was elicited at the tip of a Kir2.1/Syn-YFP apposed spines or control spines while recording the elicited AMPAR-mediated 2-photon uncagingevoked excitatory postsynaptic current (2P-EPSC) (Fig. 2B) . Remarkably, we found that the amplitude of AMPARs-mediated 2P-EPSC was larger when elicited from Kir2.1/Syn-YFP apposed spines compared with neighbor, control spines ( Fig. 2 B, C , and E). The enhancement of 2P-EPSCs at Kir2.1/Syn-YFP apposed spines was not due to the Syn-YFP expression, as 2P-EPSCs were of equal amplitude between control spines and spines apposed to Syn-YFP puncta from control neurons transfected with Syn-YFP alone ( (17), including ours (18) , documented a correlation between spine volume and synaptic strength. Because AMPAR function was enhanced at Kir2.1/ Syn-YFP spines, we wondered whether this effect was accompanied by alterations in spine volume. The volumes of control spines and those apposed by Kir2.1/Syn-YFP puncta were, however, not significantly different from one another (Fig. 2G) .
In principle, the increase in the size of 2P-EPSCs (i.e., potency) at Kir2.1/Syn-YFP apposed synapses could reflect an increase in the number and/or function of AMPARs. To begin distinguishing between these possibilities, we repeated these experiments but analyzed the number of AMPARs at Kir2.1/Syn-YFP synapses by immunocytochemical methods. In keeping with our previous study (12) , surface expression of the GluA1 subunit was significantly enhanced at synapses (identified by PSD-95 labeling) apposed by Kir2.1/Syn-YFP puncta compared with control neighbors (Fig. S1A ). In keeping with the uncaging data, no differences were observed between control synapses and synapses innervated by Syn-YFP puncta originating from neurons transfected with Syn-YFP alone (Fig. S1B) . Altogether, these findings indicate an increase in the number of GluA1 subunits at Kir2.1/Syn-YFP synapses. [29] [30] [31] . GluA2-lacking receptors have distinct biophysical properties, most notably calcium permeability that provides an additional level of signaling and computational potential. Therefore, we sought to determine whether GluA2-lacking AMPARs might be involved in the synapse-specific up-regulation of AMPARs observed at Kir2.1/Syn-YFP spines.
GluA2-lacking AMPARs are easily identifiable by inward rectification resulting from intracellular voltage-dependent block by polyamines (19) . We reasoned that we could determine the presence of this subtype of receptors by carrying out I-V curves of isolated AMPAR-mediated 2P-EPSCs by uncaging MNI-glutamate at single, visually identified synapses. As a proof-of-principle demonstration, AMPAR-mediated 2P-EPSCs elicited from interneurons [that express GluA2-lacking AMPARs (32)] exhibited pronounced rectification (Fig. 3 A and D) . We then found that I-V curves of AMPAR-mediated 2P-EPSCs elicited from spines and from extrasynaptic (i.e., dendritic shaft) compartments of pyramidal neurons were overwhelmingly linear with a rectification index close to 1 (Fig. 3 B and D) . Thus, AMPARs on the surface of pyramidal neurons appear to be primarily of the GluA2-containing, nonrectifying, subtype. These findings are consistent with most (22, 33, 34) , but not all (35), reports.
We next carried out full I-V curves on Kir2.1/Syn-YFP apposed spines and closely neighboring control spines. As expected, the I-V curves obtained from control spines were linear ( Fig. 3 C and D) . In sharp contrast, those obtained from closely located spines apposed to Kir2.1/Syn-YFP terminals showed pronounced rectification (Fig. 3 C and D) . Thus, remarkably, a prolonged inhibition of a single input leads to the synapsespecific expression of rectifying AMPARs.
We next confirmed the presence of GluA2-lacking AMPARs at Kir2.1/Syn-YFP spines using the GluA2-lacking AMPAR blocker NASPM. In the presence of 1-naphthyl acetyl spermine (NASPM) (50 μM), the amplitude of 2P-EPSCs at Kir2.1/Syn-YFP spines was not only no longer enhanced compared with control spines, but also rather significantly reduced (Fig. 3E) . In interleaved control experiments (i.e., no NASPM), the amplitude of 2P-EPSCs was significantly larger at Kir2.1/Syn-YFP spines, recapitulating the overall phenomenon in this dataset (Fig. 3E) . Thus, these pharmacological results confirm that the increase in AMPAR function induced by prolonged reduction of glutamate release at single synapses is, at least partly, caused by insertion of higher conductance, GluA2-lacking AMPARs. In addition, because blocking GluA2-lacking receptors with NASPM reduced the amplitude of 2P-EPSCs beyond the level of control neighboring spines, the expression of this homeostatic The amplitudes of 2P-EPSCs elicited at control spines and at spines apposed by a Syn-YFP alone terminal were not significantly different (n = 10 pairs; P = 0.51, paired Student's t test). (E) The average amplitude of 2P-EPSCs from control (n = 101) and Syn-YFP/Kir2.1 spines (n = 56; P < 0.01, unpaired Student's t test) is plotted. (F) The average amplitude of 2P-EPSCs from control (n = 21) and Syn-YFP alone spines (n = 10; P = 0.37, unpaired Student's t test) is plotted. (G) The volumes of spines from which we obtained uncaging values for the plots depicted in C and E were not different from one another (n = 101 control spines and n = 56 Kir2.1; P = 0.62, unpaired Student's t test). For comparison purposes, the average amplitude of 2P-EPSCs is also shown in this plot. plasticity appears to be mediated by the replacement of some GluA2-containing AMPARs by GluA2-lacking AMPARs (as opposed to a net addition). Because we also observed an increase in GluA1 labeling at these synapses, collectively these results further suggest that the newly inserted GluA2-lacking receptors are preferably of homomeric GluA1 AMPARs.
Synapse-Specific Insertion of AMPARs at Kir2.1/Syn-YFP Spines Is Abolished in Arc Knockout (KO) Neurons. Our results indicate thus far that single synapses exhibit homeostatic-like up-regulation of AMPAR function in response to prolonged reduction of glutamate release. Even though this mechanism (operating at a singlesynapse level) is mechanistically distinct from homeostatic synaptic scaling (operating at the neuron level), we next wondered about the level of molecular commonalities of these two processes. To begin addressing this issue, we sought to determine the role of the immediate early gene Arc/Arg3.1 in this synapsespecific homeostatic plasticity because we have previously shown a key role of this protein in mediating global synaptic scaling (4).
We determined whether the single-synapse homeostatic plasticity required the presence of Arc by culturing neurons from either wild-type or Arc KO mice. In WT mice cultures, the amplitude of 2P-EPSCs was greater at Kir2.1/Syn-YFP spines compared with control neighboring spines (Fig. 4 A-C) . The amplitude of 2P-EPSCs at Kir2.1/Syn-YFP spines in the Arc KO was, however, no longer increased compared with control spines. Interestingly, the amplitude of 2P-EPSCs from control spines in the Arc KO cultures was significantly larger than those from control spines in WT cultures at identical uncaging laser power. This is consistent with our previous observations that the amplitude of mEPSCs and synaptic AMPAR content are larger in Arc KO neurons (4) . Together, these results suggest that the failure to observe an enhancement of 2P-EPSC amplitude at "inactivated" synapses in Arc KO neurons reflects an occlusionlike mechanism. Similar results were obtained with immunocytochemical detection of surface GluA1 AMPARs in WT and Arc KO neurons, showing that the level of GluA1 at "inactive" synapses was not greater than that of control synapses in the Arc KO (Fig. 4 F and G) . Consistent with our results obtained in rat neurons, no obvious rectification of 2P-EPSCs was observed in WT mouse neurons (Fig. 4 D and E) . We also did not observe any significant rectification of 2P-EPSCS in neurons derived from Arc KO. Altogether, these results suggest that the increase in 2P-EPSCs in Arc KO is not accompanied by an increase in expression of GluA2-lacking receptors. This finding is consistent with the previous observations of nonrectifying AMPARs eEPSCs in acute hippocampal slices from Arc KO mice (36) .
Discussion
Using a combination of molecular, optical, immunocytochemical, and electrophysiological approaches, we report here that prolonged reduction of glutamate release onto single visually identified synapses leads to a synapse-specific increase in AMPAR function. This increase was highly local and did not occur on neighboring spines even 5-10 μm away. This functional increase was not accompanied by any measurable increase in spine volume but was mediated, at least partly, by a synapse-specific addition of higher conductance GluA2-lacking AMPARs. Finally, the immediate early gene Arc/Arg3.1 is a critical mediator of this cellular phenomenon. Thus, individual synapses, like neurons, have the ability to autonomously sense and integrate over time their own level of activity and homeostatically adjust their synaptic strength by controlling surface AMPARs. These results outline the remarkable ability of neurons to control AMPAR levels, in a synapse-specific manner, over periods of several days in response to long-term changes in input-specific activity.
The enhanced function of AMPARs observed at Kir/Syn-YFP documented by 2P uncaging was intriguingly not accompanied by significant changes in spine volume. Given the well described correlation between synaptic strength and spine volume (17, 18, 37) , this finding shows that synapses undergoing local homeostatic plasticity are exhibiting a greater AMPAR-mediated function than what would be expected from spine volume measurements alone. However, whereas the correlation between spine volume and synaptic strength has been well documented (17, 18, 38) , it is not always particularly stringent (39, 40) , thereby leaving room for significant departure from a strict volume/function coupling. Altogether, our results document a clear dissociation between spine size and AMPAR function that complements and expands an existing literature outlining analogous dissociation in a number of conditions (18, 22, (39) (40) (41) (42) . The role of GluA2-lacking AMPARs in various types of synaptic plasticity has received considerable attention despite some inconsistencies in the literature (7, (24) (25) (26) 29) . Here, we provide electrophysiological and pharmacological evidence indicating that these calcium-permeable GluA2-lacking receptors mediate, at least in part, the local homeostatic plasticity mechanism documented here, likely by a direct replacement of existing GluA2-containing AMPARs. Interestingly, the higher singlechannel conductance of these receptors might well be the critical contributing factor to the volume-function dissociation outlined above: The switch for very few higher-conductance AMPARs at these synapses can account for the increased AMPAR function in the absence of any measurable changes in spine volume.
Previous reports used strategies broadly similar to the one described herein to address synapse-specificity aspects of homeostatic plasticity although conflicting data have been reported (11, 12, 14, 15) . The design of most of these studies significantly differed from one another (including the present one) so that distinct cellular processes might in effect be studied. Even though a systematic study of the outcome of these variable designs is lacking, it seems that the developmental epoch at which neurotransmitter release is reduced, as well as the duration and extent of this reduction, decisively influence the consequences on AMPAR function. Indeed, whereas prolonged blockade of glutamate release beginning in relatively young cultures either reduces (11, 13) or has no effect (15) on AMPAR content or function, reducing release in more mature networks is rather associated with increased AMPAR content (12) and function (present study). In apparent contrast to this view, another study, however, reported that locally blocking release in mature cultures had no measurable effect on AMPAR content, determined by imaging pH-sensitive EYFP tagged-GluA2 subunits (such that only surface receptors are detected) (14) . This strategy might, however, not have detected the recruitment of GluA2-lacking receptors. Altogether, despite superficial similarities, the experimental conditions of these studies may be sufficiently dissimilar to induce the expression of distinct cellular mechanisms.
Arc/Arg3.1 is an immediate early gene that has been implicated in several synaptic plasticity mechanisms such as LTP/LTD and in the consolidation of memories (20) . Relevant to the present findings, the role of Arc in global synaptic scaling has also recently been established (4) . Indeed, many of the known functions of Arc satisfactorily fulfill several key features expected of an effective modulator of global synaptic scaling. First, the expression level of Arc is tightly controlled by neuronal activity. Second, Arc is an established component of the molecular machinery controlling AMPARs trafficking and the polarity of this control matches that required for a homeostatic mechanism: There is an inverse relationship between expression level of Arc and AMPAR surface expression, which reflects the role of Arc in facilitating AMPAR endocytosis (4, 43) . Here, we show that Arc is also involved in synapse-specific homeostatic plasticity because it is abolished in Arc KO neurons by an occlusion-like mechanism. Similar to the involvement of Arc in global scaling, the details of how and where Arc controls this local homeostatic machinery are still unclear. Our findings not only further establish The amplitude of 2P-EPSCs at control neighboring spines is plotted against the amplitude of 2P-EPSCs obtained from Kir2.1/Syn-YFP spines for WT (n = 18 pairs, P < 0.01, paired Student's t test; blue circles) and Arc KO neurons (n = 25 pairs, P = 0.54, paired Student's t test; red circles). (C) The average amplitude of 2P-EPSCs is plotted for WT (n = 27 control spines, n = 18 Kir2.1/Syn-YFP apposed spines; P < 0.05, unpaired Student's t test) and for KO (n = 55 control spines, n = 35 Kir/ Syn-YFP spines; P = 0.14, unpaired Student's t test). (D) Dendritic segments from a WT and a KO neuron showing current traces depicting AMPAR-mediated 2P-EPSC elicited while holding the neuron at −60, −40, −20, 0, +20, and +40 mV. (E) Average rectification index obtained in WT (n = 11) and ARC KO (n = 23; P = 0.12, unpaired Student's t test). (F) Surface GluA1 labeling intensity at control and Kir2.1/Syn-YFP apposed synapses for WT neurons (n = 25 pairs; P < 0.01, paired Student's t test) and Arc KO neurons (n = 32 pairs; P = 0.62, paired Student's t test). (G) Surface GluA1 labeling intensity at control and Syn-YFP alone apposed synapses for WT neurons (n = 26 pairs; P = 0.97, paired Student's t test) and Arc KO neurons (n = 20 pairs; P = 0.09, paired Student's t test).
